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Chapter 1: Introduction

Despite first seeing operational use aboard spacecraft nearly forty years ago, electric
propulsion (EP) systems have only gained widespread acceptance over the past decade.
Long recognized for the higher specific impulse and lower system mass fraction they
offer over chemical propulsion systems; EP systems stayed largely unproven during the
early days of the space age because the spacecraft power systems they require had not yet
been developed. The maturation of the EP field in recent years has been due to both the
gradual development of adequate spacecraft power systems and the increased focus on
high performance, low weight spacecraft components by the spacecraft engineering |
community. Today a variety of EP devices are employed across nearly the entire

~ spectrum of spacecraft missions.

Widespread acceptance is a mixed blessing for any propulsion system, as it directs
research away from improving performance and towards understanding how the system
will interact with an actual spacecraft. This is especially true for spacecraft propulsion
systems, whose primary byproduct is an exhaust plume that can be a large contamination
threat to the spacecraft or any other spacecraft in close proximity. Specifically, exhaust
plume contamination can lead to degradation of solar cells, optics, and thermal control
surfaces. This is of primary concern to the spacecraft designer, and is why an increase in
experimental investigations into and modeling of the exhaust plume of EP devices has

been an integral part of EP’s maturation.

Of the three classes of EP systems (electrothermal, electrostatic, and electromagnetic),
the exhaust plumes of electrostatic and electromagnetic devices have proven the most
difficult to characterize. Unlike the exhaust plume of an electrothermal device, which is
primarily hot neutral particles, the exhaust plumes of electrostatic and electromagnetic

devices contain charged particles. The complex physics involved in the formation and




acceleration of these charged particles also varies from one type of thruster to another.
The severity of this variation has led to separate experimental and modeling efforts for

each electrostatic and electromagnetic device exhaust plume.

Not every EP device exhaust plume has yet received the same amount of inquiry, and as a
result, some EP systems’ exhaust plumes are better characterized than others. Among the
devices whose exhaust plumes are still not completely understood is that of the pulsed
plasma thruster (PPT). One of the first EP concepts to see operational‘ use in space, the
PPT was first utilized because of its relative simplicity and high specific impulse. After
its initial development the PPT fell by the wayside somewhat as EP systems with higher
thrust efficiency were investigated. In recent years however, the PPT’s low required

input power and ability to deliver small impulse bits have revived its popularity.

This chapter provides a brief summary of PPTs built to fly aboard spacecraft, a basic
description of PPT operating theory, a history of experimental investigations into the PPT

exhaust plume, and the motivation behind this particular study.
1.1 PPT Flight Heritage: Past, Present, and Future

The early flight history of the PPT is well outlined in the Journal of Propulsion and
Power paper by Burton and Turchi.' The Soviet Union was the ﬁrst to develop the PPT
as an EP concept, launching the Zond 2 spacecraft to Mars in 1964 with several PPTs
onboard to provide three-axis attitude control. Unfortunately, contact (and control of the
PPTs) was lost with the spacecraft after a few months. The LES-6 satellite carried the
first U.S. PPT into space in 1968. Operating on orbit for 10 years, the LES-6 PPT design
set the precedent for later U.S. PPT designs that eventually flew on the Synchronous
MeteorologicaIISatellite (SMS) in 1974 and the Navy’s three NOVA satellites starting in
1981. A PPT was also developed and flight qualified by 1975 for the two LES-8/9

spacecraft, but was replaced by a cold gas system in the final spacecraft design. Outside




of the U.S. and U.S.S.R,, the Chinese and Japanese both flew separate PPT designs on
separate missions in 1981%°. Further specifications for each of these early flight PPTs

can be found in Table 1.

* Table 1: Early Flight PPT Specifications

PPT Pulse Rate (Hz) | Isp (s) | Thrust (uN) Purpose
Zond 2 1 410 2000 Attitude Control
LES-6 1 312 - 26 Attitude Control
SMS 1 450 133 Spin Axis Precession
Control
: Attitude Control, Station
LES-8/9 . 1 1000 297 Keeping/Changing
TIP-II 1 850 375 Drag Compensation
(NOVA) g omp
MDT-2A ‘ . ’
' (Chinese) 1 280 64 Suborbital Test
ETS-IV 1 300 29 Spin Rate Control
Japanese)

Following the end of the NOVA mission, a number of years would pass before another
PPT saw use in space. During this time rnan); experimental‘ efforts continued to refine
and improve upon the PPT concept,' but none of the PPTs developed reached flight
status. This trend finally ended in the late 1990’s with the development of a PPT for
pitch attitude control aboard NASA’s Earth Orbiter 1 (EO-1). The EO-1 PPT has a
scalable impulse bit (90-860 pN-s) and specific impulse (650-1400 s),* and was flight
validated on orbit in 2001.

The development of the EO-1 PPT has been accompanied by the development of a few
other flight PPTs for missions in the near future. A MicroPPT is currently being readied
for deployment as a technology demonstrator aboard the USAF’s TechSat 21 cluster of
three microsatellites.’ The MicroPPT offers precision impulse bits in the 10 uN-s range.6
The Japanese are also developing a flight PPT for NASDA’s p-Lab Sat II, which should

be launched sometime in the next year.” Finally, a PPT has also been developed for two




spaceéraﬂ in the ION-F nanosatellite cluster. As this was the PPT used in the reported

research, a detailed description of it can be found in the next chapter.

The PPT’s ﬂight heritage, in addition to its ability to offer a small, precise impulse bit in
pulsed operation, has led to its strong consideration by many groups doing conceptual
planning for missions in the far future. In particular, several trade studies have found the
PPT to be the best propulsion system currently available for certain future formation
flying spacecraft.®!° This being the case, extensive PPT research continues today in the

U.S., Japan, Russia, China, France, and Argentina.z’5 DS

1.2 PPT Theory of Operation

Every PPT operates on the same simple electromagnetic and gas dynamic principles, but
how those principles are implemented varies somewhat from one thruster design to the
next. This variation is most severe when the propellant or the electrode/propellant
orientation is changed. While such changes have often been made in experimental PPT
designs, every flight PPT system listed in the ;;revious section used the same propellant
and (with the exception of the USAF’s MicroPPT) orientation. This type of PPT is
known as the “rectangular” type, and consists of a propellant bar fed in between two
parallel electrodes by a constant force spring, as seen in Figure 1. It operates 'by first
using a spark from an igniter plug in the cathode to ablate and ionize a small amount of
the fuel surface. This provides a conduction path between the electrodes, which have
been charged by a capacitor. Once enough electrons are liberated from the ablated
material, a current arc forms between the electrodes and across the fuel surface. The heat
of the arc causes more fuel to be ablated and ionized. Thrust is produced when this
ablated material is accelerated out the PPT exhaust channel by Lorentz and pressure

forces.
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Figure 1: Schematic of the Rectangular Pulsed Plasma Thruster

The USAF MicroPPT varies from the other designs in that its electrodes and propellant
are arranged in a coaxial configuration. In this design the propellant lies in a ring
between a central, cylindrical cathode and a downstream anode ring. Again, thrust is
produced in this design from the Lorentz and pressure forces that arise from the current

arcing between the anode and cathode.

In both PPT types the pressure force is a result of the creation of what is essentially a

high-pressure plasma from the ablated material, while the Lorentz force is generated by
the current arc crossed with its self-induced magnetic field (7 x B, 4,.,)- While the high

exhaust velocities of the Lorentz force accelerated particles are what gives the PPT a high
specific impulse, the bulk of the ablated material is accelerated by the pressure force and
travels at a much slower velocity. The exact proportion of the thrust that comes from

either of these forces is different for each PPT.

The plasma dynamics of the PPT exhaust are dictated to a large degree by the oscillatory
nature of its current waveform, which approximates a damped sine wave. The reason for

this behavior lies with the fact that the external circuit impedance (which is basically an




LRC circuit) can exceed the arc discharge impedance.

presented in Figure 2.
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Figure 2: Typical PPT Current Pulse

For coaxial or rectangular PPTs operating on solid propellant, Teflon is the almost

exclusive propellant choice. Unlike with many other dielectrics or possible propellants,

current arcing across the

face of Teflon does not leave a carbon track. Other propellants

with lower ionization potentials have been tried,' but none of them were found to be as

resistant to carbonization as Teflon. Known chemically as polytetraflouroethylene,

Teflon’s monomer is C,F4. Gaseous decomposition of Teflon at 783.15° K in vacuum

generates a gas that is 94% C,Fj, 0.86% CFy, 2.6% C3Fs, and 0.73% C4Fs.'®




Once the Teflon in a PPT has been ablated and ionized into a plasma, complexities in its
structure quickly emerge because of the low particle densities and high flow speeds
allowed by the downstream vacuum.' This leads to non-equilibrium and non-uniform
conditions in the exhaust plume, which makes experimentally characterizing and

modeling the plume difficult.
1.3 Previous PPT Exhaust Plume Investigations

For any model of a PPT exhaust plume to be considered accurate, it must first be
validated by an experimental characterization of the plume. Many efforts have been
made to experimentally characterize different PPT plumes over the years, but none of
them can be considered definitive. Rather, each study has simply added another element
to our overall knowledge of the PPT exhaust plume. What follows is a sampling of those
exhaust plume studies whose focus was upon Teflon fed rectangular and coaxial PPTs,

for reasons that will be discussed the next-section.
1.3.1 Electrostatic Probes

Electrostatic probes that have been used in the PPT exhaust plume include single, double,
triple, and quadrupole Langﬁluir probes, and the Faraday cup. The basic theory behind
each device has been well documented.'” A single Langmuir probe allows the electron
temperature, plasma potential, and ion or electron density to be determined. A double
Langmuir probe allows the same measurements to be made, but without disturbing the
plasma.  Triple Langmuir probes yield both electron temperature and density
continuously, while quadruple Langmuir probes go one step further and also give ion
mach number (ion velocity divided by ion thermal speed). Faraday cups allow the ion
velocity distribution to be measured by shielding out the electrons in the plasma and

recording the current incident on a collector plate. Additionally, either kind of




electrostatic probe can be used to find the time of flight from the PPT or another

electrostatic probe.

Single Langmuir probes have been used on the LES 8/9 PPT,'®!® the Russian MIPD-3
PPT,” and the ETS-IV PPT.? The MIPD-3 PPT is a rectangular laboratory PPT whose
fuel is fed from the side, and it gives a 1130 s specific impulse and 2250 uN-s impulse bit
when operated at 100 J.' LES 8/9 PPT measurements by Myers et al., showed an ion
density of around 6x10'® m™ at a location 24 ¢cm from the thruster, and an ion velocity
along the centerline of 42 km/s. Later LES 8/9 PPT measurements by Gatsonis et al.,
found two waves of ions, one traveling at 60 km/s and the other at 30 km/s. MIPD-3 PET
measurements yielded an electron density of 2x10%2 m™ in the arc at a temperature of 1.8-
2.6 eV. Two ion populations were also found to be generated by the MIPD-3 PPT; one
moving at 30-35 km/s, and another at 14-16 km/s. Two single Langmuir probes spaced
0.95 m apart were used strictly to determine the ETS-IV PPT exhaust plume velocity,
which was found to be 34 kmy/s.

The only application of a double Langmuir probe to a PPT was that done on the USAF’s
laboratory Millipound Thruster.”? The Millipound Thruster is andther rectangular PPT
whose fuel bar is fed from the side, and it operates with a 1210 s specific impulse and a
22.3 mN-s impulse bit at 750 J.' Along the PPT centerline, the maximum electron
density was found to go from 3.35x10%° m™ at 71 cm from the PPT to 5.65x10'° m? at
142 cm, while the electron temperature was around 2.1 eV. The speed of the plasma

front was found to be around 24-24.9 km/s.

Triple Langmuir probes have been used to investigate laboratory versions of the LES 8/9
PPT" and the EO-1 PPT.2 When operated at 5, 10, and 40 J, the LES 8/9 PPT had a
time averaged electron temperature of 1-3 eV and an electron density that varied from
10"°-10* m>. When operated at 5, 20, and 40 J, the EO-1 PPT_ had a maximum electron

temperature of 5 ¢V and an electron density that varied from 10'® - 6x10?! m™. Both




studies looked at the exhaust plume across the perpendicular and parallel planes at

distances of 2-20 cm from the PPT propellant surface.

A quadrupole Langmuir probe has been used on the PPT-4,** a coaxial laboratory PPT
operating on 9 J to yield a 745 s specific impulse and 261 pN-s impulse bit. The peé.k
electron density was found to be around 4.2x10" m™ and the initial electron temperature
was near 2 eV. The ion Mach number was roughly 3.0, and the ion velocity was

determined to be 34 km/s.

Faraday cups have been used on the Millipound '[hruster,25’26 and the LES-6 PPT.2?
Dawbarn et al. found the Millipound Thruster centerline ion velocity to be roughly 40
km/s. Rudolph and Jones used a Faraday cup in the backflow region of the Millipound
Thruster exhaust plume and found it to be primarily electrically neutral particles. Studies
of the LES-6 PPT by Vondra et al. and Thomassen and Vondra found a centerline plasma -
velocity of 40 km/s, and they also found that the charge on the Faraday cup varied
inversely with the square of the cup’s distance from the PPT (confirming the assumption
that the exhaust plume approximates a drifting)Maxwellian distribution). Further LES-6
PPT studies by Thomassen and Tong found 40% of the exhaust plume is ionized at 3.5
mm from the Teflon surface, but that this percentage decreases to 18% by 16 mm.

1.3.2 Magnetic Probes

Magnetic probes investigations of PPTs thus far have consisted of mapping out the
magnetic field structure using magnetic coils. The theory behind magnetic probes is well
documented,'” and in addition to measuring the 'maghetic field they can also be used to

determine current density, electric fields, and magnetic pressure.

A magnetic probe survey of PPT-4 displayed a radial plume asymmetry corresponding to

the Lorentz force component of the thrust, even though it is only responsible for 3.5% of
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the total thrust.* A similar survey in different positions around the Millipound Thruster
exhaust plume showed the peak magnetic field to be 0.85 Tesla at the throat of the PPT.*

Magnetic field measurements of XPPT-1%! (a laboratory PPT similar to the LES-8/9 PPT)
displayed a propagating current sheath during the first current half-cycle, indicating
electromagnetic acceleration. During the second half-cycle the magnetic field was found
to diffuse into the plasma, which was interpreted to mean that during this time the current
is resistively heating the plasma. Similar current activity was found in the MIPD-3 PPT
from magnetic field measurements,?° with the current sheath in the first half-cycle found
to be moving in the flow direction at 20-25 km/s. Another Russian study of new

laboratory PPT designs with magnetic probes verified this current behavior once again.*?

1.3.3 Spectroscopy

Examining the optical emission spectra of the PPT exhaust plume with spectroscopy can
- yield the identity of the species in the plume as well as their.velocities. Spectroscopic
measurements of the LES-6 PPT yielded the species identification and velocity
information found in Table 2.2 The velocity was determined to be the average of the

velocity ranges found for each species using Doppler shift and time of flight methods.

Table 2: LES-6 PPT Species Velocities From Spectroscopy

Species | Velocity (km/s)
C 10+ 5
c’ 25+5 : -
c 35+5
C+++
F 10+ 5
F’ 205
F™ 30£5
F+++
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A spectroscopic analysis of the MIPD-3 found C, F, C', and F*, in the exhaust plume;
with the ions and neutrals moving at 35 km/s and 15 km/s, respectively.”® An extensive
spectroscopic survey of the Millipound Thruster positively identified C, C*, C*™", C™ F,
and F' in the exhaust plume; velocities were also found using the Doppler shift for F (2-
15 km/s), F* (12-13 km/s), and C* (11-25 km/s).”*® When used on the XPPT-1,
spectroscopy identified F, F*, C*, C™, and C, in the exhaust plume, and estimated the
velocity of the ionized species to be 14-16 km/s following the first half-cycle of the
current discha.rge.33 This particular study also found that the relative spectra line ratios in
the exhaust plume do not change with the discharge energy of the PPT, which suggestes
the bulk thermodynamic properties of the plume are the same regardless of capacitor
energy. Determining the absolute intensity of the exhaust plume of a laboratory PPT at
Ohio State University was the focus of another spectroscopic study, and C" and C™" were

identified.**
1.3.4 Interferometry

Interferometric measurements determine a plasrha’s refractive index, which can in turn be
used calculate the plasma’s particle density and velocity. The refractive index is obtained
by comparing the two halves of a split laser beam, one side of which is passed through
the plasma while the other side is not. Using interferoinetry Vondra et al. found the LES-
6 PPT electron density in the current arc to be around 1-3x10? m™, while 02 m
downstream it was reduced to 10'® m>? Later interferometric measurements on the
same PPT by Thomassen and Tong found the thermal and drift velocities of the plasma to
be 9.3 km/s and 27.9 km/s, respectively.” The MIPD-3 has also been examined using an
interferometer, and its electron density close to the electrodes was found to vary from

2 The same study also

3.4x10” m™ near the cathode to 1.9x102 m™ near the anode.
found two distinct plasma blobs traveling out of the PPT, one at 25-35 km/s and the other

at 13-15 km/s. Interferometric studies of other Russian laboratory PPTs (APPTs)
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displayed a similar difference in electron density from the cathode to the anode, but also

found that the density some 12 cm away from the electrodes is around 2x10?! m3 .32

Interferometry was used to show that the neutral and electron density of the XPPT-1

35 The measured neutral density was around

scales linearly with its discharge energy.
2x10% m>, while the electron density was approximately one-fifth of this value. A
neutral density was also observed to be maintained in the PPT exhaust channel after the
end of the current pulse. Interferometry has been used in the exhaust plume of the USAF
MicroPPT® too, measuring a peak electron density of 4 + 2x10?! m™ just outside the

annular electrode.
1.3.5 Mass Flux Measurements

Four separate mass flux measurements of the Millipound Thruster exhaust plume have
been made using collimated quartz crystal microbalances (QCMs) 22263036 Rudolph,
Pless, and Harstad found the plume to be axisymmetric, with 90% of the mass flux
contained within the £40° cone angle at a point 76 cm downstream from the exhaust
nozzle. Using a specially designed vacuum tank cooled to limit wall backscatter, this
study, as well one earlier by Rudolph and Jones, found the mass flux in the backflow
region (87° off centerline) to be minimal. Guman and Begun also found the plume to be
contained within the +30° to the +40° cone angle around the PPT centerline. Dawbarn et
al. made QCM measurements with a chopper wheel and found that the bulk of the

material in the plume was moving at 40 km/s.
1.3.6 Witness Plates

Many different kinds of witness plates and material samples have been placed in PPT
exhaust plumes as part of several different research aims. Some of these studies

examined the exhaust plume deposits left on witness plates in hopes of learning more
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about the identity and structure of the particles in the plume. One such study on the
XPPT-1 determined that 40 £ 3 % of the total propellant mass leaving the PPT is in
particulate form, which points to a large propellant inefficiency.’’ A study on the
Millipound Thruster used witness plates and a collimated QCM to conclude that up to
25% of the exhaust plume remains a polymer and travels at velocities near that of the
largest plasmoid (40 km/s).*® Another study on the same thruster identified four principle
contaminates on witness plates exposed to the plume: C,F4, Teflon sublimate, carbon
flakes from carbon buildup on the electrodes, and an intermittent sputtering of carbon,

electrode material, and Teflon.?

Separate studies of the LES 8/9 PPT'® and a laboratory version of the EO-1 PPT>® have
examined the optical transmittance of collimated quartz witness plates placed in the
plume and found the effect of the plume to be negligible. Both studies also placed the
witness plates at angles of 50° and greater off the exhaust centerline; the former study
found no contamination, but the latter did on the cathode side of the plume. Solar cell
samples have also been exposed to the exhaust plume of the Millipound Thruster, and

there appeared to be no degradation in their performance after the testing.?

1.3.7 Mass Spectrometry

While no mass spectrometers have yét been successfully used directly in a PPT exhaust
plume, a few quadrupole mass spectrometers (QMAs) have been used to determine the
species composition of the residual gas left by the PPT exhaust. This residual gas is
composed of the equilibrium products of the plume and often products from wall
recombination, rather than the exact products that compose the plume just as it leaves the
PPT. Residual gas analysis of the LES 8/9 PPT'® and the ETS-IV PPT?! found C, F, CF,
CF, and CF3, in both cases. The same analysis on the Millipound Thruster was either

~ inconclusive or dominated by products of wall recombination.?*~°
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1.3.8 Other Methods

A few other diagnostic devices have been used in the PPT exhaust plume, though to a
lesser degree than those previously mentioned. Calorimeters have been used in the
Millipound Thruster exhaust plume to determine that energy accommodation coefficient
between the plasma and a surface is 95%, and to find that the peak energy content of the

plume is a few degrees off the exhaust centerline.?

Image converter photographs of the PPT exhaust plume have also given some interesting
results. Images of the LES-6 PPT during the first current half-cycle show an initial
velocity of 11 km/s, while images from the second half-cycle indicate a velocity increase
to 32 km/s.?’ A photographic study of the Millipound Thruster displayed a centerline
velocity of 23 + 5.5 km/s, a plume expansion angle of 40°, and a velocity along that outer
angle of 26 + 5 km/s.2® Broadband emission of the XPPT-1 was studied using an image
converter, and evidence of late time particulate emission from the Teflon surface was

found.’’

1.4 Motivation Behind Time-of-Flight/Gridded Energy Analyzer

Research

With so many experimental in\festigations into the PPT exhaust plume to date, it is
astonishing that the exact composition and energy distribution of the plume is still nof
well knowo. This is especially surprising in light of how big a role the composition and
energy distribution plays in determining the plume’s contamination threat, as well as in

validating models of the plume.

The contamination threat posed by a spacecraft propulsion system is something that must
always be assessed, and this is especially true for the PPT. The ionized portion of the

PPT plume is a particular threat because it can sputter or recombine with spacecraft
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surfaces. The ionized carbon of the plume is certainly a threat in this sense, but the
ionized fluorine is even worse, as fluorine is the most electronegative of all the elements.
Additionally, the neutral portion of the plume can leave thick deposits on spacecraft

surfaces, changing the surface’s optical or thermal properties.

Exam_ihation of solar array degradation on spacecraft using PPTs has shown the thruster
not to be responsible for additional degradation,'?"? but this does not necessarily mean
that the PPT is not a contamination threat to other spacecraft surfaces. Also, in the past
the PPT exhaust plume has only be considered as a backflow contamination threat to the
spacecraft to which it is mounted. For it to remain a candidate for propulsion aboard
formation flying satellites, the forward flow threat to other spacecraft in the vicinity must
be assessed. The only methods used so far to examine the PPT plume contamination
threat in an experimental setting are measurements of the mass and charged particle flux,
and exposure of sample spacecraft surfaces (to include optics and solar panels) to the
plume. These methods have yielded some important information about the PPT exhaust,
but they could only determine the contamination threat to the speciﬁc surface being
considered by the study. Knowledge of the composition and energy distribution of the
plume allows its contamination threat to any spacecraft surface to be determined without

repeated empirical study.

1,39-43 rely on accurate experimental measurements of

Current PPT exhaust plume models
the plume composition and energy distribution for validation. There is nothing more
fundamental to a plasmadynamic model of the exhaust plume than the identities and
| velocities of the species contained within it. This being said however, there are good
reasons behind why PPT exhaust plume studies have failed to characterize these

properties so far. .

The PPT exhaust plume composition and energy distribution data that currently sees the

most widespread use comes from spectroscopy (see Table 2). Unfortunately, such
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spectroscopic analysis usually contains some error as a result of the unsteady and
nonuniform flow conditions in the PPT plume which cause different plasmas to be
observed along the optical path.! While electrostatic probes can be used to verify-
spectroscopic data, they often suffer from their own inaccuracies as a result of being
placed in the transient, hypersonic flow of the plume.! What is needed is a single device
which can simultaneously determine particle identity and energy in the plume. Apart
from spectroscopy, the only type of instrument that can make such a measurement is a
mass spectrometer. The time-of-flight/gridded energy analyzer used in this study is a
type of mass spectrometer, and in being so it can do much to characterize the PPT

exhaust plume species and energy distribution.

Before continuing, it should be mentioned that outside of Teflon fed rectangular and
coaxial type PPTs, other PPT variations such as the gas-fed and z-pinch have been
studied.***® For the purposes of this study however, the focus was kept on Teflon fed
coaxial and rectangular type PPTs because of the close similarities in their exhaqu

plumes, and because a flight qualified version of each has been developed.
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Chapter 2: Experimental Setup

The reported research was conducted entirely in a vacuum facility located in the
University of Washington’s Aerospace & Energetics Research Building (AERB). No
major piece of hardware was purchased for this study. Ihstead, many of the required
elements were obtained from either the Dawgstar nanosatellite program or the UW
plasma sciences group. The researchers fabricated any remaining' elements. This chapter
gives a description of the PPT, vacuum facility, and data acquisition system used in this

study.
2.1 Dawgstar Pulsed Plasma Thruster

A thorough description of the Dawgstar PPT and its general operating characteristics can
be found in Rayburn*®; for convenience a summary of the description and characteristics

appears here.

The University of Washington’s Dawgstar nanosatellite is one of three nanosatellites
built by separate universities for the Ionospheric Observation Nanosatellite Formation
(ION-F) mission. Utah State University has built USUSat for the mission, and Virginia
Polytechnic Institute has built HokieSat. The mission objectives for the ION-F
nanosatellites are to take spatially distributed measurements of the ionospheric electron

density, demonstrate formation flying, and use a micro-PPT for attitude and orbit control.

Initially, both cold gas thrusters and PPTs were considered for propulsion aboard
Dawgstar.'® After a comparison study, PPTs were chosen over the cold gas thrusters
because of their ability to have a lower impulse bit (allowing more precise control) at a
higher specific impulse. The Dawgstar design includes eight PPTs that are oriented to

provide two-axis translational control and three-axis rotational control. Virginia Tech
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also uses four PPTs, identical to those designed for the Dawgstar, to provide two-axis

translational control of the HokieSat.

A schematic of the final design of the Dawgstar PPT is presented as Figure 3. Each
Dawgstar PPT is actually part of a module containing two PPTs that are powered by one
capacitor. While this design does not allow both the PPTs contained in one module to
fire simultaneously, it does allow all eight PPTs to fit inside the considerable mass and

volume constraints posed by the overall Dawgstar spacecraft design.

Constant Force Springs

Left Fuel Bar
Spring Mounting Spool \
Mica Capacitor

Capacitor
Support Bar

Top Ultem

Housing \ —
Thrust Directio

Strip Line

(Type 1) Capacitor Support Plate

Bottom Ultem Housing

lThrust Direction

Figure 3: Dawgstar Pulsed Plasma Thruster Module

The capacitor lies along the base of the unit and is a Unison Industries mica-paper/foil
model that provides 5 pF at 1466 V. Above the capacitor, the Teflon™ fuel bars are fed
into the thruster housing by constant force springs. The housing consists of two pieces of

Ultem™ thermoplastic machined to provide an exhaust channel for each PPT. Two
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boron nitride insulators inside each exhaust channel contain the initial plasma creation.
The two insulators are separated by a labyrinth to prevent shorting of the current arc
across the surface of the insulator. The copper cathode for each PPT is tied to the other
cathode by copper strip lines across the top and bottom of the housing; the bottom strip
line also connects them to the capacitor. One stainless steel anode serves both PPTs, and
is connected to the capacitor via a strip line along the bottom of the housing. The igniter

for each PPT is a ¥4” diameter Unison model that is mounted in the each cathode.

Using theoretical calculations the Dawgstar PPT was estimated to have 73% of its thrust
produced by gas dynamic acceleration, with the remaining 27% coming from
electromagnetic acceleration. Experimentally determined parameters of the thruster are

listed in Table 3.

Table 3: Dawgstar PPT Specifications

Stored Energy 5217 Total Thruster Mass 4.2 kg
Impulse Bit 56.1 uN-s | . Electronics Mass 0.5kg
Specific Impulse 483 s Fuel Mass 0.59 kg
Ablated Mass/Pulse 11.8 pg Capacitor Mass 1.39kg
Propulsive Efficiency 260% |  Structure Mass 1.72 kg
Capacitor Voltage 3kV Max Pulse Rate 2 pps
Igniter Voltage 1.2kV PPU Efficiency 80 %
Igniter Energy 0.20J Fuel Surface Area 2.3 cm®
Peak Current 8 kA Bus Power at 0.25pps | 3.3 W

The Dawgstar PPT module used for the reported research was identical to those
fabricated for flight aboard the Dawgstar, except that the spark plug of the PPT not
exhausting towards the diagnostic was removed. The PPT module was powered and fired

using a “flight spare” power processing unit (PPU) that had been built for flight aboard
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the Dawgstar. The PPU was placed on top of the vacuum tank and connected to the PPT
via BNC connecters in a Plexiglas bulkhead covering one port of the tank. The PPU was
powered by a 28 V laboratory power supply, and controlled by a computer. '

2.2 YVacuum Facilities

All experiments reported were performed in a 1.05 m long by 0.9 m diameter steel
vacuum chamber, shown in Figure 4. A schematic of the chamber is shown in Figure 5.
A 304.8 mm diameter pipe section connects the vacuum chamber to the roughing line and
butterfly valve. The butterfly valve in turn connects the pipe section to the liquid
nitrogen trap and diffusion pump. Attached to the one port of the chamber is a 3.2 m
long by 88.9 mm diameter stainless-steel tube that was fabricated specifically for the
reported research. The 6.35 mm thick tube is broken into four sections: two 1.524 m long
sections, and two 152.4 mm long sections. All pressure seals on the vacuum facility are
made with Viton o-rings, with the exception of the ionization gauge, which is sealed with

a copper gasket.
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The facility is pumped down using a CVC PMCS-10C 10” diameter diffusion pump.
Available documentation on the diffusion pump suggests a rating between 4000-4300 I/s
on air, but this could not be verified, as the manufacturer no longer exists. The diffusion
pump is backed by a Welch Scientific Model 1398 rough pump rated at 1500 l/s. An
Aero-Vac liquid nitrogen trap connects the diffusion pump to the butterfly valve, and
contains two sets of baffles. The first set of baffles downstream from the butterfly valve
is liquid nitrogen cooled, while the second set of baffles is water cooled. Because of the
prohibitive cost of liquid nitrogen (in relation to our small budget), the first set of baffles
was not cooled during the reported research. Assuming the net effect of the liquid
nitrogen trap is negligible on the pumping speed, the effective pumping speed at the tank
is 2200 Us. |

Chamber pressure is measured with a MDC ionization gauge controlled by a Cooke
Vacuum Products, Inc. IGC20 ionization gauge controller. The ionization gauge is
located on a port between the butterfly valve and liquid nitrogen trap. The chamber base
pressure is around 5x1077 Torr when the PPT is not pulsed. The background pressure
during pulsing of the PPT could not be obtained due to the danger to the ionization gauge
filament, but each PPT pulse was spaced far enough apart to allow adequate time for the
vacuum vessel to pump back down to near the base pressure. Pump down time from

atmospheric pressure to the base pressure is approximately 12 hours.

It should be noted that just prior to the conducting of this study the vacuum facility
suffered an accident that led to the moving of the facility, a thorough cleaning of all its
elements, and the overhauling of the diffusion pump. Fortunately, the refurbished facility

performs even better than it did prior to the accident.
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2.3 Data Acquisition

A desktop PC using a Windows operating system was used both for the control of the
PPT and data acquisition. PPT control was done via a LabVIEW™ program written by
Chris Rayburn. LabVIEW connected to the PPU via a National Instruments
multifunction DAQ card (model PCI-6024E) routed through a configurable signal
conditioning enclosure (model CA-1000). All data signals were recorded using a
Tektronix TDS 420A digital storage oscilloscope. The TDS 420A operates at 200 MHz
and was connected to the computer via a GPIB interface. Data was logged from the

oscilloscope at the computer using a DOS-based program supplied by Tektronix.
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Chapter 3: Time-of-flight/Gridded Energy Analyzer Design

A number of methods and instruments exist to allow one to study the species and energy
distribution in the exhaust plume of a PPT. At the top of the list in terms of monetary
expense is a commercial plasma process probe, which can determine the ionic and neutral
species of a plasma as well as do energy analysis. Unfortunately, the cost of a
commercial process probe in relation to the minimal operating budget of this study was

ludicrous.

At its heart a commercial process probe is just a modified mass spectrometer; and there
exist several much less expense mass spectrometry techniques. A good description of the
four primary types of mass spectrometers, as well as their history, can be found in texts
by Jaya.ram47 and Duckworth, et al.*® The magnetic-sector type mass spectrometer is
simplest and oldest mass spectrometry technique. This instrument deflects ions through a
static magnetic field, and uses the resultant mass-dependent trajectory of each ion species
to separate and collect the ions. In contrast, the three remaining types of mass

spectrometers all use dynamic fields for mass analysis.

Cyclotron-resonance type mass spectrometers measure the cyclotron frequency of an ion
in a homogenous magnetic field, which varies inversely with the ion mass, to identify
each ion species. Quadrupole mass analyzer (QMA) type mass spectrometers cause the
trajectory of an ion passing through the instrument to oscillate by superimposing an rf
electric quadrupole field on a dc electric quadrupole field. QMAs can be set such that
only ions of a specified mass will stay on a stable trajectory through the instrument, while
ions not of that mass wil‘l go on unstable trajectories and be lost. Time-of-flight (TOF)
type mass spectrometers operate by measuring the amount of time it takes for an ion of

known energy to travel some specified distance; using the principle that ions at the same




25

retarding potential but with different mass-to-charge ratios will travel at different

velocities.

The most popular and commercially available type of mass spectrometer today is »the
QMA. Unfortunately, the cost of a QMA was again far beyond our operating budget. Of
the remaining mass spectrometer types, the TOF was the simplest, and the- pulsed ion
generation that it required fit well with the pulsed nature of the PPT. Recent
improvements in transient recorders (such as digital oscilloscopes) have also greatly
improved the resolution of TOF mass spectrometers, which has in turn led to the use of
TOF mass spectrometers in a variety of fields and envirqnments.“g’5 % For these reasons,
the decision was made to build our own TOF mass sﬁectrometer to analyze the PPT

exhaust plume.

This chapter provides the theory of operation behind the instrument, the basic principles

and practical considerations used in its design, and a full description of the final design.

3.1 Theory of Operation

The original proposal for this study was to build a TOF mass spectrometer similar in
design to those used by King®' to study the SPT-100 Hall thruster and by Pollard®* to
study the TS5 Ion thruster. The ion potential is specified in these two designs by an
electrostatic energy analyzer oriented 45° to the plasma flow, which uses a homogenous
electric field to deflect ions of the specified retarding potential into a channel electron -
multiplier. However, as the study progressed it was realized that this design was too

complex and costly to be fabricated in the time allotted for the study.

The instrument that was finally fabricated for the reported research uses the principles of
TOF mass spectrometry with that of the gridded energy analyzer (GEA). In TOF

analysis mode the GEA serves a similar function to the 45° electrostatic energy analyzer,
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except it allows all ions above a certain retarding potential to reach the detector rather
than just ions exactly at that retarding potential. The GEA can also be used all by itself to

calculate the ion retarding potential distribution function.
3.1.1 Time-of-Flight Mass Spectrometry

As previously stated, TOF mass spéctrometry is based on the principle that charged
particles at the same retarding potential but different mass-to-charge ratios will travel at
different velocities. It is no surprise then that in a TOF mass spectrometer a retarding
potential is specified, a velocity is determined, and then a mass-to-charge ratio is
calculated. The velocity determination comes from finding how long it takes the charged

vparticle to travel a known path length,

v== M

where v is the particle velocity, L the path length, and f the travel time. The velocity
relates to the particle’s energy through

e /_Z‘I_V @)
m .

where ¢ is the electronic charge, V the particle retarding potential, and m the particle
mass. Combining the two equations allows calculation of a property that is specific to
each ionic species, the charge-to-mass ratio _
m_ 2V(i)2 . 3)
q L
The TOF mass spectroscopy technique relies on a pulsing of the ion source for the travel
time to be accurately determined. Pulsing the ion source can also limit the overall sample
size enough to allow ions at the same potential to separate into distinct groups of the
same mass-to-charge ratio via Eq. (3), which may then be resolved separately over time
by a detector at the end of the particle path. For an ion source that usually operates in

steady-state, an electrostatic gate or solid barrier must be used to pulse the ion source.
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Even for an ion source whose normal operation mode is pulsed, like the PPT, a gating

mechanism may increase the resolution of the TOF mass spectrometer that is being

applied.

The TOF mass spectrometer design for this study uses a gridded énergy analyzer (GEA)
to determine the ion travel time and retarding potential. A detailed description of the
GEA operating theory follows in the next subsection; but when used as part of the TOF
mass spectrometer, the GEA simply measures the current collected over time as ions at
retarding potentials above the GEA’s ion repelling potential (V) reach its collector.
When the time of current collection at the GEA is compared to the time of plasma
creation in the PPT, the ion travel time can be determined. The path length is the

distance from the PPT electrodes to the collector of the GEA.

3.1.2 Gridded Energy Analyzer

The gridded energy analyzer, also known as the retarding potential analyzer (RPA), is the
simplest existing device to measure an ion vélocity distribution. In this function, the
GEA has long been used by the plasma sciences‘com_munity to analyze both laboratory
and space plasmas, but its use on electric propulsion device exhaust plumes has occurred
only recently. In the last several years GEAs have been used to determine ion velocity
distributions of electric propulsion devices in the lab,”"** and also as part of diagnostic
packages to analyze the operation of flight electric propulsion devices in space.’®*’’ No
record was found during the conducting of this study of previous use of the GEA to
specify retarding potential in a TOF mass spectrometer, but the widespread use of the
TOF mass spectrometry and GEA concepts across a variety of scientific fields would lead

one to believe that this configuration is not necessarily unprecedented.

Thorough descriptions of the operational theory of the GEA can be found in numerous

papers and texts.!”**%% The instrument generally consists of an aperture, at least three
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grids, and a collector plate. Each grid creates an equipotential plane oriented
perpendicular to the plasma flow path that repels all charged particles except those who
meet the criteria ‘

2qV;
m

@

vV >

where Vg is the ion repelling grid potential; and m, v, and g are the particle’s mass,
velocity along the flow path, and eleptfonic charge, respectively. As shown in Figure 6,
vthe first grid encountered by the plasma flow is held at some negative potential large
enough to repel all the electrons in the flow. The second grid is held at a variable
positive potential to repel all ions in the flow except those whose retarding potential is
greater than that speciﬁe.d by the grid potential. Ideally, after passing through the first
two grids only high retarding potential ions would be left in the flow, but some ions
collide with the ion and electron repelling grids and liberate electrons via secondary
emission. These electrons are prevented from reaching the collector by the third grid,
which acts as a secondary électron suppressor. The collector is either left floating or

biased slightly negative to ensure it collects the remaining ions.

Ion Repeller : Collector

Secondary Electron

- Electron Repeller
Suppressor

Figure 6: Plot of Potential of Gridded Energy Analyzer Elements
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A description of the operation of the GEA as the accelerating voltage filter of a TOF
mass spectrometer was given in the previous subsection; what follows describes its use to
determine an ion retarding potential distribution. The current generated by the ions that
reach the collector can be represented as

I(v;) = A gnyv, 5)
where v; is the ion velocity, »; is the ion number density, and 4. is the collector surface
area. If we let v; represent the bulk flow of the ions, and assume a homogenous velocity
distribution f{v) in the x-y plane oriented perpendicularly to the flow path z, then the

current can also be defined by

I(v,»)=Acqn,(i wjf(vi)vidv,]- ©)
h; 2qVg/Im;

Because velocity varies with mass-to-charge ratio, it is preferable to find the current as a
function of the ion accelerating voltage. This can be done using a transformation of
variables of Eq. (2)

afv,:l 24 yngy )
2\m,

‘

Using Eq. (2) and Eq. (7), the collected current now becomes

I0V) =4, j fqu L \F‘; VY2 Emndy 8)

107 =22 jf(V ave ©

l

Taking the derivate of both sides of Eq. (9) in relation to the retarding potential allows an
expression for the retarding potential distribution function, f{7), to be obtained

_om, (_dI(V)
f(V),_A 2( 7 J (10)

q

The GEA determines dI(V)/dV by comparing the current collected at different values of

ion repelling potential. The ion mass and electronic charge used to calculate the ion
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retarding potential function must come from another form of analysis (such as TOF mass

spectrometry) or conjecture.

3.2 Design Principles

Understanding why the gridded energy analyzer is also referred to as the retarding
potential analyzer is key to an understanding of the issues that determine the resolution of
the combined TOF/GEA instrument. When it is used to examine a plasma that consists
entirely of ions of the same mass and charge, the output of the GEA is (as its name
implies) an ion energy distribution. If the plasma contains ions of varying mass and
charge however, then the GEA is only capable of producing an ion retarding potential
distribution. In other words, if the flow into a GEA contains multiple ionic species, then
the dI(V)/dV curve produced from the GEA data will no longer be directly proportional to
the ion energy distribution. This fact is borne out by Eq. (10). Fortunately, obtaining an
ion energy distribution for plasma that contains multiple ion species is possible with the
combined TOF/GEA instrument, as long as the mass resolution of the TOF apparatus is

adequate enough.

A TOF/G.EA‘ spectra with a mass resolution “adequate enough” to allow an energy
distribution for each ionic species to be determined is shown in Figure 7. Each current
pulse corresponds to a different group of ions of the same mass-to;charge ratio arriving at
the collector of the GEA. This particular spectra is considered good because each of the
current pulses is distinct and not overlapping, which allows each pulse to be evaluated
separately. Of course these properties must be found in each TOF/GEA spectra across
the range of GEA ion repelling potentials applied, as required to produce the dI(V)/dV

curve separately for each mass-to-charge ratio group.
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Figure 7: Ideal TOF Spectra

In equation form, the mass resolution of a TOF mass spectrometer in which ions travel at
constant energy is given as

m 2t
A a
where m is the ion mass, 4m the range of masses resolved, tior the flight tim_e, and At the
full width at half maximum (FWHM) of the signal received (see Figure 7). While the
ions in the TOF/GEA instrument used on the PPT in the reported research do not
necessarily travel at constant energy, it can be assumed that they travel near enough to it
to consider the mass resolution given by Eq. (11) approximately correct in this case. As

49-50 tior and At (and therefore the mass resolution) are

explained by Cotter in his texts,
determined by issues associated with three types of ion distributions: the temporal, initial

kinetic energy, and spatial.

The temporal distribution describes how the ions reach the detector and are recorded
over time. It is determined in a TOF device by the ion travel length, time of ion
formation, gating of the ion flow, and limitations of the detection and recording devices.

The ion travel length is the distance between the ion generation source and the detector,
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and it dictates the total ion flight time. Thus, the ion travel length is directly proportional

to the mass resolution.

The time of ion formation at the ion generator affects the temporal distribution and mass
resolution more subtly by undermining the assumption used in a simple TOF spectra (like
Figure 7) that all ions were created at the same moment. As shown in Figure 8, ions of
the same mass-to-charge ratio created at different times can appear to be of different
. mass-to-charge rati,d if only one creation time is considered. Recent research has
suggested that the PPT may create two groups of ions corresponding to an initial current
flow and a subsequent current reversal during the pulse,'’ so the variation in the time of

ion formation must be carefully considered when interpreting the TOF/GEA data.

Same Mass/Charge

ol

Difference in creation times

Ion Current

Time -

Figure 8: TOF Spectra With Two Ion Creation Times

The temporal distribution can also be affected by a gating mechanism, such as a physical
barrier that moves in and out of the ion flow or an electrostatic deflector that is pulsed on
and off. Gating affects the temporal distribution by allowing only particles at a certain
range of velocities to reach the detector, which reduces the sample size. In this manner
gating reduces 4t at the detector to length of time the gate is left open (tgate), as shown in

Figures 9 and 10. If a gate is open for too short a time for any part of the slowest ionic
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species velocity distribution to pass all the way through it, then gating can also reduce the
range of masses resolved (4m). In any case, by reducing At and possibly 4m, gating
increases the mass resolution. The drawback with gating is if it is done so quickly that
Am is reduced, then mulﬁple measurements must be taken with different gate opening

times.
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Figure 9: TOF Spectra With No Gating
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Figure 10: TOF Spectra With Gating
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The last temporal distribution issue affecting resolution is the limitations of the device
being used to monitor the detector’s signal, which usually is a digital oscilloscope
connected to the detector via some form of cabling. The limitations of an oscilloscope to
convert the ion current incident on the detector into data can be characterized by the
device’s bandwidth, sampling rate, record length, and dynamic range. The cabling’s
ability to get the undistorted detector signal to the oscilloscope also plays a large role. A

good oscilloscope and cabling can reduce 4t considerably, and in turn increase the mass

resolution.

The initial kinetic energy distribution also plays a role in determining the mass resoluﬁon.
Nominally, it is assumed that all the ions are created with nearly the same initial kinetic
energy distribution, which translates to each mass-to-charge ratio having around the same
velocity. The degree to which this is true determines the range of velocities that reach the
detector for each ionic species, which is just the 4¢. If the initial kinetic energy
distribution is spread-out, as in Figure 9, then the mass resolution can go down
significantly. Further complicating this issue is the fact that ions created at different
times, such as during current reversals during the PPT pulse, may also have different
initial kinetic energy distributions. Thus, the initial kinetic energy distribution must be

considered in any TOF/GEA data interpretation.

Another sometimes complicated issue surrounding mass resolution is the spatial
distribution. The spatial distribution describes the location of ion formation, which by
turns decides the ion travel distance and mass resolution. Luckily for the TOF/GEA
instrument used in this study, the region of ion formation is in such close proximity to the
fuel bar surface of the PPT that the spatial distribution can be considered to be extremely.

narrow and therefore relatively unimportant to the mass resolution.

Apart from the distribution issues, one issue unique to the TOF/GEA instrument and its

use on the PPT also affects its overall resolution. As previously stated, the GEA requires
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the differentiation of multiple pulses of the PPT with different applied ion repelling
potentials to form the dI(V)/dV curve. If the PPT created the exact same plasma each
time it fired this would be no problem, but by its nature the PPT igniter has a shot-to-shot
variation whose effect can propagate into variations in the discharge pulse.! Significant
variations in PPT performance over the course of a number of pulses with different GEA
ion repelling potentials can render the dI(V)/dV curve inaccurate. Thus, variations in PPT
performance must be monitored and studied before the data from the TOF/GEA

instrument may be trusted.

3.3 Practical Design Considerations

With theory and design principles in hand, a consideration of the hardware and materials
available was the last step remaining before the final specifications of the TOF/GEA
design were decided. It should be noted that the small operating Budget of this study
limited us primarily to materials and hardware that were either borrowed or had been
discarded by other studies in the University of Washington’s Department of Aeronautics
and Astronautics. This made the practical design of the TOF/GEA much different than

the ideal design in many areas, and those areas have been noted throughout this section.

The linchpin of an}; TOF maés spectrometer design is the data recorder, which in our case
was a digital storage oscilloscope. The data recorder has such a status because
compensation for its capabilities and limitations is often what drives a majority of TOF
device design decisions. As such, the relatively slow sampling rate and small bandwidth
of the oscilloscope used in this study (in relation to the oscilloscope employed in King’s
study') dictated that the mass resolution be increased by other aspects of the overall

design.

The simplest aspect of a TOF device design to change in order to increase the mass

resolution is the ion travel length. In fact, the ion travel length is usually only limited by
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the practical length of the vacuum vessel and the record length of the oscilloscope. The
practical length of the vessel turned out to be the limiting factor in the TOF/GEA design,
as existing material to lengthen the vacuum vessel set the distance from the PPT fuel bar
face to the GEA collector at 3.68 m. With the fastest ion velocity ever recorded from a
PPT similar in configuration to the Dawgstar PPT being 60 km/s,' this yielded a fastest
possible flight time for the TOF/GEA of 61 ps. |

Another method of directly increasing the mass resolution is to employ a gating device.
As previously mentioned, the pulsed nature of the PPT does not require that the
TOF/GEA instrument be gated. In order to avoid unnecessary.complexity in this study’s
initial application of the instrument to the PPTA then, no gating mechanism was

developed.

Apart from increasing the mass resolution, other practical design considerations focused
on how the ions were to travel from the PPT exhaust channel to the collector of the GEA.
One of the principal assumptions in the GEA operating theory is the ions have a
homogenous velocity distribution in the plane perpendicular to the flow path. This
assumption requires the PPT exhaust plume be collimated before reaching the GEA, as its
velocity distribution at the exhaust channel exit is divergent enough to invalidate the
assumption. Collimation in the TOF/GEA design was achieved via two 3.6 mm orifices

spaced 3.2 m apart along the ion flow path from the PPT to the GEA.

Ensuring the vacuum vessel had time to pump out all the PPT exhaust products between
pulses was another important consideration. Not allowing for adequate pump out time
can cause the idns from the PPT to collide with neutral particles from previous pulses,
which perturbs the ion velocity distribution. As the ionization gauge could‘ not be used to
monitor pressure in the vacuum vessel during the PPT pulses, the pump down time had to
be estimated using vacuum conductance and equivalent pumping speed calculations.®® At

an initial pressure of 5x1077 Torr, and using a conservative estimate of a pressure rise to
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1x107 Torr following a PPT pulse, the time required to pump down within an order of -
magnitude of the initial pressure is approximately one minute. Thus, the TOF/GEA
requires at least one minute between PPT pulses for the exhaust products from previous

pulses not to interfere with ion travel from the PPT to the GEA.

Once having arrived at the GEA, the ions must still travel through the repelling grids
before reaching the collector plate. While the grids are meant to only provide an
equipotential barrier, by their nature they are also a physical barrier. In an ideal grid, the
wires would be infinitely thin and close together, insuring that every charged particle in
the plasma flow came with at least one Debye length (Ap) of a grid wire without actually
striking the wire. Debye length is the maximum distance from a wire at which the

plasma is effected by the potential on the wire, and is given by

P (12)
n.q.

where T, is the electron temperature in eV, g is the dielectric constant of free space

(8.85x107'? farads/m), n., is the electron density far from the perturbing potential, and ¢,
is the charge of the electrons (1.6x10" C). 'The Debye length of the Dawgstar PPT
exhaust plume when it reaches the GEA can be estimated using data on electron
temperature and density obtained from a similar rectangular PPT operating at 5 J P Ata
point along the thrust centerline 20 cm from the fuel bar surface, the electron density was
1x10' m™ and the electron temperature was 1 eV. This yields a Debye length of 2.35
um. While the Debye length of the collimated exhaust plume 3.68 m away from the PPT
will almost certainly be greater than this (due to a drop in electron density), 2.35 pm isa
good baseline design point.

Only very fine meshes formed via chemical etching or electroplating have wire spacings
on the order of our Debye length. One characteristic of grids produced in this method is
that as the spacing between wires is decreased, the transmission (percentage of the grid

that is open area) decreases even more drastically.®’ Reducing the grid transmission
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reduces the number of ions and electrons which can travel through the grid without
striking it. This leads to a smaller ion and electron density on the backside of the grid,
which means that less current will be generated on the collector than if a grid with higher
transmission had been used. Of course reducing the electron density also increéses the
Debye length, which makes the grids downstream more affective at repelling ions and
electrons. Thus, a compromise must be struck between transmission and wire spacing in

each of the grids selected for the GEA.

Apart from the wire spacing in the grids, the spacing between the grids is also of concern
because of possible space charge effects. If either the electron or ion density is allowed
to build up in front of any of their respective repelling grids in the GEA, then a space
charge from these inéreased densities can increase the potential in the area around the
grid above that of the grid itself. Ion or electron distributions encountering these
repulsive hills will not create as large of a current on the collector as they would if the
space charge effects were not present. Hutchinson'’ recommends a grid spacing of ~ 4 Ap
to limit space charge effects, but for the baseline Debye length used in this study such a
grid spacing is impractical. In reality, the grid épacing is usually limited by the capability

of the electrical insulation between the grids to resist arcing across its surface.
3.4 Description of Apparatus

The final design of the TOF/GEA instrument has four primary components, shown in
their operating configuration in Figures 11 and 12. The largest component is the drift
tube, whose purpose is to lengthen the ion travel path from the PPT to the GEA and
collimate the PPT exhaust plume. The tube itself is 101.6 mm outer diameter, 6.35 mm
thick 304 stainless steel pipe in four sections. Flanges welded to either section end are
used to connect the sections together via a six-bolt pattern. The first drift tube section is
152.4 mm long and contained entirely in the original vacuum tank. It is capped on the

end facing the PPT by a stainless steel plate with the first 3.6 mm collimating orifice.
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The second section is 1.524 m long and creates a vacuum seal with the tank on one end,
and with the third section via a centering ring on the other. The third section is also 1.524
m long, and creates a vacuum seal to the fourth section via a centering plate that contains
the second 3.6 mm collimating orifice. The fourth section is 152.4 mm long and capped

by a Plexiglas bulkhead. The GEA is mounted to the bulkhead, and the electrical

feedthrough used to operate the GEA is contained in the bulkhead.

7,

Figure 11: TOF/GEA Instrument
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Figure 12: Schematic of TOF/GEA Instrument

The Dawgstar PPT is oriented on a moﬁnting table with the center of its exhaust channel
254 mm away from the first collimating orifice. The exhaust channel exit is also oriented
so that it is parallel to the plate containing the collimating orifice, as shown in Figure 13.
A Rogowski coil has been placed around the upper stripline of the PPT in order to
monitor its current during the pulse of the thruster. While the current through the upper

stripline is only a fraction of the entire discharge current, Rayburn found it to consistently
be 34%.%
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Figure 11: PPT and First Section of Drift Tube. The PPT was actually placed much

farther away (254 mm) from the first collimating orifice for this study.

An exploded view of the components of the GEA is shown in Figure 14, and a
photograph of the assembled GEA is shown in Figure 15. The GEA housing is
constructed of 304 stainless steel, and its entrance, has a 19.05 mm diameter. This
entrance diameter is maintained through the length of the GEA, giving the collector face
the same diameter. Each of the grids is supported on one side by a stainless steel ring;
and all of the grids and the collector are connected to their electrical leads by copper
rings. The grids, collector, and their associated rings are electrically isolated from each
other and the housing by six Teflon disks. A six-hole pattern passes through each Teflon
disk, the housing, and a stainless steel compression ring. Three of the holes are used to

secure the GEA to the drift tube’s Plexiglas bulkhead, while the other three holes allow
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the compression ring to compress the Teflon disks around the grids, collector, and rings.
The copper rings are connected to the electrical feedthrough in the Plexiglas bulkhead

through another five-hole pattern in the back five Teflon disks.

44— Compression Ring

Collector Housing

Teflon Insulation
Disk

SS Support Ring

Copper Ring

Figure 12: Gridded Energy Analyzer Components
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Figure 13: The Gridded Energy Analyzer

The grids are ‘made of electroformed nickel mesh and secured to the copper and stainless
steel rings through compression only. The grid closest to the GEA entrance has a much
smaller transmission than the other three, and is used primarily to reduce the electron and
ion density so that the plasma has a much higher Debye length when it encounters the last
three grids. This first grid is electrically connected to the GEA housing at the back of the
device. The last three grids (the repelling grids) are configured identically to those

shown in Figure 6. Specifications of the grids are contained in Table 4.
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Table 4: GEA Grid Specifications

- | Mesh | Transmission | Hole Size (um) | Wire Width (um)
First Grid 1000 50 18 7.4
Repelling Grids 100 85 234 19.8

As a result of the grid transmissions selected, the effective collection area of the collector

is 87.52 mm?>.

Teflon (PTFE) was chosen as the electrical insulator because of its ability to be
compressed around the grids and how easily it is machined. Electrical isolation of each
grid was accomplished by recessing a channel into each Teflon disk in which the grids
and rings could be held. In determining how little Teflon could be used to separate the
grids from each other, the limiting é]ectrical property of the material was its resistance to
arcing across its surface rather than its dielectric strength. Unfortunately, the ASTM test
(D495-99j that it is commonly used to test an electrical insulator’s arc resistance
measures how long a high-voltage, low-current arc can be held above the surface of the
insulator without causing a conduction path to form along that surface.®? Such a |
measurement is helpful in comparing insulatoré, but it does not allow one to scale the size
of the insulator between the grids based on it. In the end the grid separation distance was
just selected to be on the range of other GEAs that used Teflon insulation disks.*%
Except for the distance between the housing and ﬁrsf grid (which is 1.93 mm), each grid

and the collector are separated from one another by 3.34 mm. This distance includes the

thickness of one Teflon disk and set of support rings.

The final instrumentation line set-up used to control the GEA through the vacuum
electrical feedthrough can be found in Figure 16. In this set-up three coaxial cables are
kept inside a wire braid is connected only to the first grid/housing of the GEA. The
shields of the coaxial cables are connected to the braid at a point near the vacuum
electrica1 feedthrough, which causes the braid and coaxial cable shields to act as a double

electrostatic shield for the coaxial cable inner conductors. The inner conductors are
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connected to the collector, ion repeller, and both electron repellers, respectively. This
configuration allows the measurement of the GEA collector current with the first
grid/housing either left floating or grounded. Initially the total length of the cabling was
1.47 m, but this was reduced to 0.97 m for the second ion repeller potential survey.
Batteries were used to power the GEA repeller grids. Monitoring of the voltage lines by
the oscilloscope during PPT pulses showed that the batteries supplied a constant potential

to the grids, even when the exhaust plume was passing through them.

— Collector Line

— + Voltage Line

|l I — - Voltage Line
First Grid/Housing Line

— GND Line

B2 Braid
V772 Coaxial Cable Shield

Figure 14: GEA Instrumentation Line Set-up

The ion current incident on the GEA collector is determined by comparing the current
through the collector line to that through the first grid/housing line if the GEA is floated,
or to ground if it is not. The former method is known as differential amplification, and it
can be done by either subtracting one signal from the other in the oscilloscope (also
known as quasi-differential amplification) or through an external differential probe or
amplifier. Several different differential amplifiers were used to record the collector
current when the GEA first grid/housing was floated, and these efforts are documented in

the next chapter.
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The oscilloscope (TDS 420A) used throughout this study has already been briefly
described, but as its specifications played a large role in determining the quality of the
GEA collector signal recorded, a more thorough description is needed. The fastest
sampling time the TDS 420A can offer is 1x10® samples a second, while the longest
record length is 30,000 data points. This translates to one sample every 10 ns over a
périod of 300 us if the oscilloscope is run at top speed and record length. At the voltage
sensitivities (5-20 mV/division) used in this study, the oscilloscope has a rise time of 2.3

ns and a dynamic range of +5 divisions.
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Chapter 4: Data Analysis

From the first measurement taken on the TOF/GEA, it was clear that the PPT is a strong -
source of electromagnetic interference (EMI). This was not surprising, as several studies
~ have been committed to testing for EMI from PPTs and then finding methods to shield
the spacecraft from it.!** Still, much more time was spent in this study characterizing
the effects of EMI from the Dawgstar PPT upon the GEA and finding methods to lessen

its influence than was initially planned.

Although the GEA was located 3.68 m away from the EMI source, during the first PPT
pulses taken on the TOF/GEA any floated part of the device or lines attached to it picked
up enough EMI to totally obscure the signal of the collector plate through capacitive
coupling. Another rﬁeasure of the EMI generated by the PPT pulse was that an
oscilloscope placed a similar distance away from the thruster as the GEA could be

triggered by the pulse, even with nothing attached to any of its input channels.

Methods of lessening the EMI pickup in the collector line attempted included changes to
the GEA instrumentation cabling and the use of differential amplifiers. The first and
least successful cabling set-up used five insulated electrical lines (one for each repelling
grid, the first grid/housing, and the collector) inside an unshielded cable that was
approximately 6.4 m long. Power was supplied to the repelling grid lines using a
laboratory power supply. This cabling was found to pick up far too much

electromagnetic noise even when the PPT was not being pulsed.

Another cabling set-up that was tried involved four coaxial cables inside a wire braid.
The shields of the coaxial cables and the braid were connected only at the oscilloscope
end of the cabling, where they were tied to ground. The inner conductors of the coaxial

cable were connected to the first grid/housing, collector, ion repeller, and both electron
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repellers, respectively. Additionally, the laboratory power supply was replaced by 45 V
batteries whose potential was varied using a voltage divider. The primary goal of this
set-up was to allow the GEA first grid/housing to be floated, and the collector and first
- grid/housing lines to be compared to find the collector current. Once again however, the
EMI pick-up from the PPT current discharge was found to obscure the collector current
signal. Specifically, the EMI would induce such a high current in the collector and first

grid/housing lines that the dynamic range of the oscilloscope was exceeded.

The GEA instrumentation cabling set-up described in the last chapter and diagramed in
Figure 16 shielded out enough of the EMI for a fairly consistent current signal to be seen
on the collector when the shield of the collector coaxial line (and in turn the other coaxial
shields, braid, and first grid/housing) was tied to ground. Getting a signal without tying
the collector coaxial line to ground in this configuration was much more troublesome,

though several different methods of differential amplification were tried in order to do so.

The first method of differential amplification attempted was quasi-differential, and it just
consisted of subtracting the digital signal of the collector line from the first grid/housing
line (the collector line shield). Results using this method were inconclusive, so a
Tektronix P5205 high voltage differential probe was used to compare the analog signals ,
of the two lines. Unfortunately, the minimum attenuation of the probe (50x) was far too
high to allow the signal to be seen. The next differential amplifier ﬁsed was built on a
protoboard by Dr.’ Tom Mattick using an INA118 instrumentation amplifier. This
differential amplifier showed much promise, especially when housed in a metal box, but

time ran out in the study before a consistent collector current signal could be received.

As a result of the EMI pick-up and failure to find an appropriate differential amplifier in
the time allotted, the GEA first grid/housing was grounded for all of the data presented in
the reported research. Grounding the first grid/housing likely led to some perturbations
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in the PPT exhaust plume as it arrived at the GEA, but the high flow velocity of the

plume most likely made the effect of these pefturbations very small.
4.1 Measurements on a Dawgstar PPT

Two complete surveys of the ion repelling grid potential were recorded using the
TOF/GEA instrument on the Dawgstar PPT. The potential needed to repel all the
electrons in the flow was determined using Eq. (2) and a maximum flow velocity19 of 60
km/s to be -10 mV. Because the wire spacing of the electron and secondary electron
repelling grids is quite a bit bigger than the Debye length, the potential of the grids for the
first data set was between -44 V and -45 V (the variation being due to voltage draw down

on the batteries over time). For the second set of data the same grids were held at -42 V.,

In the first survey, the ion repelling grid potential was increased by one volt each PPT
pulse until data was obtained for almost every integer ion repelling grid potential between
5 and 200 V. The oscilloscope was triggered by the EMI from the PPT pulse recorded on
an unconnected input channel, and this event was set as time zero. The collector current
recorded for each pulse was examined using the standard filter function in Matlab to
remove the high frequency noise. The maximum current, time of initial current rise, and
average value of the current fiducial (defined as the cﬁrrent between where the EMI pulse
dies out at 5 ps and 40 ps later, well before any ions were seen to arrive) were recorded.
The maximum current as a ﬁmction of the ion repelling grid potential for the first data set

is shown in Figure 17.
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Figure 15: First Survey Maximum Collector Current vs. Ion Repelling Grid
Potential

The first survey is comprised of data taken on five separate days over the course of an
eight day period. This created some inconsistencies in the overall data set because (as
was found afterwards) it generally took about a dozen PPT pulses to build up an
equilibrium pressure in the vacuum tank that was consistent for all pulses. Maximum
collector current measurements taken at one ion repelling grid potential before the
equilibrium pressure was reached tended to be much higher than they were after the
equilibrium pressure had been established. This lack of equilibrium pressure is believed
to be why there is a bump in Figure 17 around 150 V, as these data were taken at the start

of one day’s testing.

For the second survey, five PPT pulses were performed at every five volts in the ion
repeller potential range 5-150 V. To ensure variations in vacuum tank pressure did not
affect the data, the PPT was fired every three minutes for the duration of the data

collection; and data were not collected at the start of each day until the tank equilibrium
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pressure had been built up by at least a dozen PPT pulses. The oscilloscope was
triggered by the voltage rise in the Rogowski coil around the top stripline of the PPT, and
this event was set as time zero. Again, the collector current recorded for each pulse was
examined using the standard filter function in Matlab to remove the high frequency noise.
The maximum Rogowski and collector currents, time of initial current rise, and the
current fiducial were recorded. The five maximum current measurements at each ion
repelling grid potential were used to calculate the standard deviation, which is
represented as the length of either side of the error bars from the average current in

Figure 18.
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Figure 18: Second Survey Maximum Collector Current vs. Ion Repelling Grid
Potential
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Additional data were taken with the TOF/GEA following the second survey using the
same parameters and methods. The only changes were in how many PPT pulses were
taken at each ion repelling grid potential, and in the range of ion repelling grid potentials
applied (either 0 V or >150 V). This data set was used to calculate the maximum velocity
and identity of the PPT exhaust plume ions with the highest retarding potentials, as

detailed in the next section.

4.2 Discussion of Results

Determining the maximum current of each run proved to be a relatively simple task, but
determining the time of initial collectdr current increase was somewhat more difficult.
When the data for both surveys were first examined, the time of initial collector current
increase was defined to be the time following time zero where the current began to
display a sharp, continual increase. This method yielded widely varying times, even at

the same ion repelling grid potential.

A more rigorous method of determining the time of initial collector current increase was
found by using the intersection between a line drawn through where the current passes
through 25% and 75% of its maximum value and another line drawn through the average
slope of the current fiducial. An example of using t_‘hisv method to determine the time of
initial current increase is shown in Figure 19. This time, minus the time of the peak

discharge current from the integrated Rogowski coil voltage, is the ion flight time.
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Figure 19: Example of Technique Used To Measure Time Of Initial Collector
Current Increase

To measure the maximum ion velocity of the PPT exhaust plume, the PPT was fired
seven times with the ion repeller potential set to zero (the ion repeller electrical lead was
terminated through a 1 MQ resistor). Using the intersecting slope lines method, the

maximum ion velocity was found to be 64 + 3.6 km/s.

To perform mass spectral analysis on the plume using TOF/GEA, the ion repeller
potential was set high enough to only let the ions with the highest retarding potentials
through. The ions that reach the collector at such high ion repeller potentials can be
assumed to have retarding potentials near that of the ion repeller. Thus, the ion repeller
potential specified and the ion flight time measured can be used in Eq. (3) to directly

calculate the mass-to-charge ratio of the ions with the highest retarding potential.
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To ensure only the highest retarding potential ions were seen, the ion repeller potential
was initially set high enough to not allow any ions to reach the collector. The ion repeller
potential was then slowly lowered until a definite current rise corresponding to ion arrival
was seen on the collector. Somewhat in conflict with this desire to sample only the ions
with highest retarding potentials was the need to have a large enough signal (in relation to
the electromagnetic noise) to easily and consistently determine the ion flight time. The

ion repeller potential that was found to balance these two desires was 150 V.

Five PPT pulses were taken at an ion repeller potential of 150 V as part of the second ion
repeller potential survey. The collector current vs. time for each of those pulses is

presented as Figures 20-24.
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Figure 20: Collector Current at Ion Repeller Potential of 150 V, PPT Pulse 1
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Figure 21: Collector Current at Ion Repeller Potential of 150 V, PPT Pulse 2
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Figure 22: Collector Current at Ion Repeller Potential of 150 V, PPT Pulse 3
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Figure 24: Collector Current at Ion Repeller Potential of 150 V, PPT Pulse 5

For pulses 1-3, the slope of the current fiducial makes it difficult to determine at what
time the current begins to rise as a result of ion arrival at the collector. Further
complicating this measurement is the 1 nA noise at 32 kHz, as it obscures what appears
to be the initial current rise in pulses 1-3. Luckily, the time of initial current increase is
fairly distinct in pulses 4 and 5. The noise in both signals makes using the method of
intersecting slope lines inaccurate, so the time at which the slope of the current becomes
positive and stays positive (ignoring the 32kHz noise) until the maximum current is
reached was defined as the time of initial current increase. In contrast to previous efforts
using this method with larger current signals, the ion travel time for pulses 4 and 5 were
fairly close together, 50.6 us and 49.7 ps respectively. If it is assumed the ions that
arrived for both of these pulses had a retarding potential in the range 150-190 V (above

190 V almost all the ions are repelled, see Figure 17), the mass-to-charge ratio of these
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jons is around 5.47 — 7.18x10°® kg/C. The ion mass-to-charge ratio of the elements that
comprise the Teflon propellant can be found in Table 5. Based on these known mass-to-
charge ratios and the ratios found, it appears that C"".and/or F"™ are present in the PPT

exhaust plume, and have the highest retarding potentials of the species in the plume.

Table 5: Mass-to-Charge Ratios of Ionic Elements of Teflon

Species | m/q (kg/C)
c* 1.24x107
cr 6.22x10°

c 4.15x10°
F* 1.97x10”'
F 9.84x10°
F 6.56x10°

It should be noted that the ion travel times found for pulses 4 and 5 yield ion velocities
around 10 km/s faster than the measured maximum ion velocity found using an ion
repeller potential of zero. Because the ions being measured in pulses 4 and 5 generate
such a small current it is reasonable to assume they are present in the pulses taken with
the ion repeller set to zero, but are not seen because the current rise dominated by ions

with lesser retarding potentials is so much greater in magnitude.

Initially it was hoped that each PPT pulse would produce sufficiently reproducible signals
on the collector, allowing the current at each retarding potential to be found by
subtracting signals found at different ion repeller potentials. Being able to specify the
retarding potential in this method would allow mass spectral analysis at retarding -
potentials below the maximum found in the plume, and provide a highly accurate way to
calculate dI(V)/dV. Unfortunately, as given evidence for in Figure 18, there was too.
much variation in the current collected from pulse to pulse at the same ion repeller

potential for this method to be accurate.
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The dI(V)/dV curve may still be calculated based solely on the maximum current
recorded at each ion repelling potential. As this is a differential measurement, it is
essential the magnitude of the random variations in the maximum current recorded from
pulse to pulse not be greater than the magnitude of any trends in those same data that may
indicate the general shape of the retarding potential distribution. The dI(¥)/dV curve for
the first ion repeller survey is presented in Figure 25, and the curve for second survey is
presented in Figure 26. Attempts to smooth and filter these curves did not produce any

distinguishable structure.
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Figure 25: dI(V)/dV Data For Maximum Collector Current In First Survey
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Figure 26: dI(V)/dV Data For Average Maximum Collector Current In Second
Survey

While not necessarily useful in producing the ion retarding potential distribution directly,
the first and second surveys can still be used to define the minimum ion retarding
potential. Using Figures 17 and 18, the minimum retarding potential is where the slope
of the I(V) curve begins to become negative, indicating that some ions are starting to be

repelled. For both surveys, the minimum retarding potential appears to be around 35 V.

The first and second surveys also yield some information about the general shape of the
retarding potential distribution when the logarithm of the maximum collector current is
plotted in Figure 27. As the PPT exhaust plume has been documented to have an ion
temperature of only a few eV, were the plume also mono-energetic one would expect the
I(V) curve drop rapidly to zero once the minimum retarding potential of the plume was
exceeded by the ion repeller potential. Figure 27 displays that this is not the case, and
based on the slope of the log I(V) curve, the PPT exhaust plume has a retarding potential

spread of around 100 V. This retarding potential spread could indicate that the ions in the
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plume are created with a widely spread velocity distribution, or that the velocity
distribution spreads as the exhaust plume travel farther away from the PPT. The spread
could also be representative of several species-specific retarding potential distributions

each contributing to the overall spread separately.

200

1.50 -

1.00 -

Log (V)

~——First Survey
0.50 4 —#— Second Survey

0.00 - - v : T — . T )
0,0 ° 200 40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0 vvo

-0.50

fon Repelling Grid Potential {V)

Figure 27: Log Plot of I(V) For Both Surveys
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Chapter 5: Conclusions

The body of this report details the design and implementation of a time-of-flight/gridded
energy analyzer instrument to analyze the species and energy distributions in the exhaust
plume of a pulsed plasma thruster. The motivation behind this study came from a desire
to both better understand the contamination threat from the PPT exhaust plume and to
help validate computational models of the plume. A survey of previous experimental
investigations into the PPT exhaust plume determined that no successful attempt has been
made to date to analyze fhe composition and energy distribution of the plume usiﬁg

anything other than spectroscopic methods.

The TOF/GEA instrument works in two modes. In mass spectrometer mode, the
instrument specifies the minimum retarding potential and measures the ion flight time to
determine the species mass-to-charge rate. In retarding ‘potential analyzer mode, the
maximum currents collected at different ion repeller potentials are compared to one

another to determine the ion retarding potential distribution.

The TOF/GEA instrument was used to examine the exhaust plume of the 5 J, rectangular
Dawgstar PPT. Without repelling any ions out of the plasma flow, the maximum ion
velocity of the plume was found to be 64 + 3.6 km/s. When the ion repeller potenfial was
increased to repel almost all of the ions out of the flow, a mass-to-charge ratio of the
remaining ions was estimated as 5.47 —j7.1 8x10® kg/C. This mass-to-charge ratio range
indicates the presence of C™*, F*", or both, in the exhaust plume. Two separate surveys
of the collector current as a function of the ion repeller potential were conducted, but the
current collected was too small in relation to the error introduced from PPT pulse to pulse
to allow numerical differentiation of the surveys and determination of the ion retarding
potential distribution. Both surveys indicated an exhaust plume minimum ion retarding

potential of around 35 V, and a kinetic energy spread of approximately 50 eV.
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Chapter 6: Future Work

This work began with the objective of characterizing the species and energy distribution
of the PPT exhaust plume, and that objective remains. Much work can be done to
improve the performance of the TOF/GEA instrument in its current configuration. This
work includes investigating better EMI shielding techniques, changing the hole size and
transmission of the GEA grids, and simply upgrading to an oscilloscope with better
dynamic range (which would allow smaller signal sensitivities to be used). Another goal
of this work should be to find a differential amplifier that allows measurements to be
taken with the GEA first grid/housing left floating. Once the measurement technique is
improved, the off-centerline properties of the PPT plume ‘should be investigated by
changing the on’entaﬁon of the PPT exhaust channel in relation to the first collimating

orifice. Shortening the ion travel length by removing the third section of the drift tube |
should also be attempted, so that how the retarding potential distribution changes- as it

travels down the tube may be observed.

The next step, following further work with the GEA, is to build a 45° electrostatic energy
analyzer of the type used by King®" and Pollard® for the existing drift tube. This will
greatly increase the retarding potential resolution over that currently offered by the GEA.

The 45° electrostatic ehergy analyzer is presented schematically in Figure 28.
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Figure 28: Schematic of 45° The Electrostatic Energy Analyzer

The PPT exhaust plume will enter the analyzer from the current second collimating
orifice after traveling through the existing drift tube up until that point. Consisting of a
back plate at a potential ¥, and a front plate at ground, the electrostatic energy analyzer
creates a uniform, constant electric field ¥,/d bétween the two plates (d being the distance
between the plates). The field is made uniform by field correction plates alo’ng the
perimeter of the analyzer. Ions enter through one slit in the analyzer and are deflected by
the electric field on a curved trajectory. lons with the appropriate energy per charge
value are admitted through the exit slit of fhe analyzer and into the channel electron
detector, which records their arrival as a current pulse. The current pulse from the
channel electron detector is proportional to the number of ions impihging upon it, and
thus the relative quantities of each ionic species in the exhaust plume at one energy can

be found, in addition to the velocities and identities of each of the species in the plume.

Using ion trajectory and kinetic energy analysis through the electrostatic energy analyzer,
the slit width, distance between plates, and length of the device can be speciﬁed.51

Placing the origin in the center of the entrance slit, and defining the ; direction to be
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parallel to the plates and j perpendicular to them; then the ion trajectory through the

analyzer is

a I A . A V ~
xi +yj =vtcos@ i +vtsind j—-—L—qt* j 13)
, 2dm

where 6 is the angle from {; and v, ¢, m, and g are the ion velocity, time in the analyzer,
mass, and charge, respectively. Solving for ¢ in the | direction trajectory equation with .

the knowledge that at § = 45°, sin = cos 6, creates the following expression

x
t= , - (14
vsin @ (14)

" which can then be plugged into the j direction trajectory equation to find a time

independent expression for y

- 2dm\ vsin@

2
y=x nq(—i—). (15)
Setting 6 = 45° and using v?=2qV/m (where V; is the ion retarding potential), Eq. (15)
simplifies to |
V,x?

y=x—=

. 16
o (16)

Defining the exit slit as y = 0 and x =/ (where / is the length between the two slits) and as
a point through which all recorded ions must pass, Eq. (16) can be used to define the
spectrometer. constant (Kys)

Ve 2d
K =-t==—. 1
45 I/, l ( 7)
Thus, the ion retarding potential recorded by the 45° electrostatic energy analyzer is
V, = —I—/P—. (18)
K 45

To determine d and / (and in turn Kys) for an actual instrument, Kix.lg5 ! manipulated Eq.
" (16) to find that d > I/4 and presented the retarding potential resolution as
14 l

I

—A—IZ ~ wsin@

19)
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where w is the slit width. If we allow w to be the same as the current collimating
diameter of the drift tube (3.6 mm), set 4 at 45° to the plasma flow path, and aim for the
same retarding potential resolution as King,>' the distance between slits becomes
636 mm. This makes the distance between plates at least 159 mm, which in turn means
that an at least 7 ID tube will have to be found to hold the plates of the analyzer and its

associated electrical insulation.

Building the 45° electrostatic energy analyzer should allow a full characterization of the
PPT exhaust plume ionic species and their energy distribution, but it will do little to
characterize the neutral species in the plume and their energy distribution. Such an
investigation of the neutral components of the plume will require novel diagnostics such

as King’s neutral particle flux probe.®

To provide a point of comparison to other PPT exhaust plumes, a Langmuir probe survey
of the Dawgstar PPT exhaust plume would be valuable. By supplying a measure of the
electron density and temperature in the exhaust plume, the Langmuir probe survey would

also be a nice complement to the data obtained with the GEA.
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Appendix: Mechanical Drawings

Attached are the mechanical drawings used in the fabrication of the Time-of-

Flight/Gridded Energy Analyzer instrument.
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